Up-to-date spatial information on ground movements and land use is useful for emergency management of coastal regions. Time series InSAR techniques have proven to be effective tools for providing the former; however, InSAR results alone cannot be used to characterize the relationship between movements and land use. The focus of this study is to evaluate the potential to use high resolution radar satellite imagery for monitoring urban land subsidence associated with the construction of new building in Canadian coastal cities. To do this, we propose to integrate InSAR and polarimetric SAR information for deformation analysis. The methodology included multidimensional small baseline subset (MSBAS) InSAR analysis, polarimetric SAR change detection, and integration of the coherence, deformation, and polarimetric information for identifying the urban surface movements related to new buildings. The study was conducted in the Vancouver region, BC using RADARSAT-2 satellite data of ultra-fine mode and fine-quad mode acquired during [2010][2011][2012][2013][2014][2015][2016]. Results demonstrated that the integration of polarimetric and InSAR data permitted identification of ground movement, and the association of these movements to the new constructions in the urban environment. Several locations have been experiencing subsidence at a rate of up to 10 cm/year, and horizontal motion of 5 cm/year. 
Introduction
Coastal cities have been undergoing land subsidence as a result of sediment compaction due to urban development and rising global sea level (Syvitski et al. 2009 ). Space-based remote sensing provides observations needed to understand environmental changes, and for vulnerability analyses of urban areas in coastal regions. Independent of weather conditions, Synthetic Aperture RADAR (SAR) data, containing amplitude and phase information of the illuminated area, have been used for various environmental monitoring applications. Interferometric SAR (InSAR) measures surface movements through evaluation of the phase information from two RADAR acquisitions with the same polarization. Differential interferometric SAR (DInSAR) is an established methodology that measures the difference of ground movements between two SAR acquisitions. Use of DInSAR can be limited, however, since these data can show sensitivity to atmospheric effects (Massonnet and Feigl 1998; Hooper et al. 2012) , and it can be difficult to use these to characterize three-dimensional movements (Hooper et al. 2012; Samsonov et al. 2017a) .
Time-series of line-of-sight (LOS) deformation from a single dataset (same mode) can be processed using the small baseline subset (SBAS) technique (Berardino et al. 2002; Usai 2003) . Relying on distributed scatterers, SBAS uses singular value decomposition (SVD) to connect independent interferograms in time, corrects atmospheric and topographic effects, and generates a chronology of deformations for the study period (Berardino et al. 2002; Usai 2003; Samsonov et al. 2011 Hooper et al. 2012 Samsonov et al. 2014b ). Using multi-temporal SAR images of the same polarization, InSAR has been successfully used to measure ground surface movements with sub-centimeter accuracy in urban environments (Mazzotti et al. 2009; Samsonov et al. 2014b , Samsonov et al. 2014c Samsonov and d'Oreye 2017) , in permafrost (Chen et al. 2012a; Short et al. 2014; Liu et al. 2015; Chen et al. 2016b; Samsonov et al. 2016) , in seismic and volcanic activities (Lu et al. 2005; Lu et al. 2010; Samsonov and d'Oreye 2012; Samsonov et al. 2014c , Samsonov et al. 2017a Samsonov et al. 2017b) , in carbon sequestration and mining activities (Samsonov et al. 2014a; Samsonov et al. 2015) .
Most of the SBAS methods deal only with SAR acquisitions from the same orbital direction (either ascending or descending) and produce only the LOS deformation (Samsonov and d'Oreye 2012) . By combining ascending and descending InSAR data, east-west and vertical movements may be detected (Sircar et al. 2002 , Sircar et al. 2004 Wright et al. 2004; Ozawa and Ueda 2011) . Recently, a Multidimensional Small Baseline Subset (MSBAS) method was proposed to reconstruct two or three-dimensional deformation time series from ascending and descending DInSAR data (Samsonov and d'Oreye 2012; Samsonov and d'Oreye 2017) . Various studies have demonstrated the successful application of MSBAS algorithms (Samsonov and d'Oreye 2012; Samsonov et al. 2014b; Samsonov et al. 2015; Samsonov et al. 2016; Samsonov and d'Oreye 2017; Samsonov et al. 2017b ).
Usually, urban areas, including: roads, barren areas, and building rooftops will appear as coherent targets in SAR images, and InSAR deformation measurements from these coherent areas are reliable. It is well understood that InSAR is capable of detecting the movement of a target without rapid physical changes through time because same surface ensures high coherence between acquisitions (Massonnet and Feigl 1998; Hanssen 2001) . Time series InSAR analysis can provide accurate movement information including the location and history of movement during the study period but does not reveal the relationship between movements and land use types. No detailed information of deformation associated with specific land use/ land cover (LU/LC) types or change is provided from InSAR products. In order to relate the deformation to a specific LU/LC, ground surveys and GIS analysis using auxiliary LU/LC maps is required.
Alternatively, SAR amplitude or intensity can be used to provide LU/LC information. Although SAR intensity has been widely explored for urban footprint and general land use mapping (Esch et al. 2010 , Chen et al. 2012b ), the information content of an image acquired in a single polarization, tends to provide limited information. Instead, complete backscattering information about the target structure can be obtained from polarimetric RADAR, thus providing more information compared to single or dual polarization modes (Lee et al. 2001; Cloude 2009 ).
Various target decomposition techniques have been developed to fully exploit polarimetric information and understand the scattering mechanism of targets (Freeman and Durden 1998; Yamaguchi et al. 2005; Cloude 2009 ). Model-based decomposition algorithms, directly relate physical scattering mechanisms to observed responses, thus have recently gained more attention than eigenvalue-eigenvector-based methods (Lee and Ainsworth 2011; Yamaguchi et al. 2011; Chen et al. 2014a , Chen et al. 2014b , Chen et al. 2014c . Readers are referred to Chen et al. (2014a) for a review of recent advances in polarimetric analysis. Using a model-based decomposition method, quad polarimetric SAR data of distributed targets, characterized by either a covariance or coherency matrix, can be decomposed into different components representing canonical scattering mechanisms, such as double bounce, rough surface and volume. A number of studies have demonstrated the benefits of polarimetric SAR data for use in a variety of urban applications (Ainsworth et al. 2009; Yamaguchi 2012; Sato 2013, Chen et al. 2016a ).
In urban areas, observed SAR intensity can be related to the size, density and orientation of buildings, streets/roads, vegetation and soil (Chen et al. 2012b) . When roads and buildings are aligned to the azimuthal direction or perpendicular to the RADAR LOS, a dihedral corner reflector is formed, resulting in strong double-bounce scattering (when incident waves strike the wall of a building, then the ground surface and go back to the antenna), which can be used to classify urban structures. However, a similar response can be observed as a result of ground-trunk interactions from trees. It is also notable that modelbased decompositions tend to overestimate volume scattering contributions, thus resulting in ambiguity between forest and some buildings in urban areas (Ainsworth et al. 2008; Lee and Ainsworth 2011; Yamaguchi et al. 2011; , Chen et al. 2014a , Chen et al. 2014b , Chen et al. 2016a .
Recently, advanced polarimetric techniques have been proposed to improve the characterization of buildings in urban areas (Ainsworth et al. 2008, Lee and Ainsworth 2011; Yamaguchi et al. 2011; Chen et al. 2014a , Chen et al. 2014b Xiao et al. 2014 ). Deorientation, a process used to compensate the orientation effect of buildings, may be applied to improve the performance of decompositions and enhance the separability between buildings that are not aligned perpendicular to the RADAR LOS and forests (Ainsworth et al. 2008; , Chen et al. 2014b , Chen et al. 2016a . Thus, exploiting the complete polarimetric information with advanced techniques, polarimetric SAR data can be used to generate more accurate urban land use classes and change detection maps than single and dual polarized data (Lee et al. 2001; Ainsworth et al. 2009 ). Although polarimetric analysis with advanced algorithms can improve classification of urban areas, ambiguity still exists for some buildings, and they remain undetected because the deorientation process cannot fully compensate for the effects of orientation Chen et al. 2014b) .
It is of interest to explore the potential of synergy of InSAR and Polarimetric SAR for measuring and monitoring urban land subsidence. Combined, information on deformation and coherence from InSAR and double-bounce scattering from Polarimetric SAR can overcome the limitations of using InSAR or polarimetric SAR alone. High coherence can be expected for buildings from two SAR acquisitions over a long-time period, but not from forests or naturally vegetated areas. Therefore, time series InSAR coherence can be used to separate buildings from the forests or other natural features. By combining deformation measurements with building information, deformation in building areas can be isolated from other areas. Though InSAR has been applied for monitoring land subsidence in urban areas, and polarimetric SAR has been widely used for urban land use mapping, very little research exists on the synergy of InSAR and polarimetric SAR for exploring the relationship between ground movements and land use patterns. This work is important to understand deformation mechanisms and could be used for vulnerability analyses and or disaster mitigation.
From this perspective, the goal of this study is to develop a synergistic approach of InSAR and polarimetric SAR for urban land subsidence related to the construction of new buildings. The specific objectives are to 1. Detect the long-term ground movement using time series SAR data; and 2. Combine InSAR results and polarimetric information to identify the deformation related to new building construction.
The proposed method was tested in the Greater Vancouver area, Canada. With over two million people living in the municipality of Vancouver, it is one of the most populated regions in Canada. Previous studies have detected rapid subsidence in several locations here since 1992 (Mazzotti et al. 2009; Samsonov et al. 2014b) . Continued monitoring of ground movements will therefore provide useful information for emergency management purposes. In this paper, we present a new approach to link InSAR derived displacements to land use change, and in particular, the construction of new buildings. In order to ensure the phase quality in the interferograms generated, a twostep method including closed-loop and segmentation was applied to correct the phase unwrapping errors. MSBAS method was used to remove the noise and analyze the long-term movement trend in both a vertical and east-west direction. A polarimetric SAR change detection method was applied to extract buildings based on the double bounce scattering component from the Freeman-Durden decomposition. Compared to more advanced polarimetric algorithms, Freeman-Durden is a simple and computationally efficient method for time series analysis, so was applied in this study. Finally, a combination of coherence, deformation and double bounce information was used to identify new buildings, and associated ground movements. To validate the InSAR measurements, a Kalman filter was used to interpolate and predict missing GPS measurements corresponding to the InSAR dates.
Study area and materials
The study site is located in the Greater Vancouver area, Canada. Situated along Fraser River delta, the region consists of the cities of Vancouver, Richmond, New Westminster and Burnaby. The area is susceptible to various natural hazards, including earthquakes, flooding, landslides and wildfire due to its particular location and geological conditions. A study from Mazzotti et al (2009) using InSAR and ground survey techniques indicated an average subsidence of -1 to -2 mm/year in this region during 1992-1999. Using multi-sensor data (ERS, ENVISAT and RADARSAT-2) collected during 1995-2012, Samsonov et al. (2014b) confirmed widespread ground subsidence around 2 cm/year in delta region. This subsidence was mainly caused by consolidation of sediments (Mazzotti et al. 2009 ), however, fast subsidence in several areas was also associated with the construction of large man-made structures, including: residential, industrial, highways, Vancouver International Airport, and the Skytrain station (Mazzotti et al. 2009; Samsonov et al. 2014b) .
To investigate ground movements in Vancouver, we collected RADARSAT-2 Ultra-Fine 18 (U18) of HH polarization data in ascending mode (incidence angle of 43 degrees; 1.3 m Â 2 m pixel spacing), and RADARSAT-2 Fine-Quad 28 (FQ28) data with four polarizations -HH, HV, VH and VV in descending mode (incidence angle of 46 degrees; 4.7 m x 4.7 m pixel spacing). U18 and FQ28 were selected for the study because of availability of archival data and because of the similar incidence angles of the two modes. With 30 scenes of U18 acquired during 2013-2016 and 21 scenes of FQ28 acquired during 2010-2015, RADARSAT-2 provided good spatial and temporal coverage for InSAR analysis in this study ( Figure 1 ). GPS measurements from BRN3 station of Washington State Reference Network located within study site were used for the validation. BRN3 GPS data were processed by the Pacific Northwest Geodetic Array (PANGA). A 1-arc-second Shuttle Radar Topography Mission (SRTM) DEM of 30 m resolution was used in the InSAR analysis and to geocode the SAR products.
Methodology
The proposed method for integration of InSAR and polarimetric analysis for urban land movement included DInSAR analysis, phase unwrapping correction, MSBAS, polarimetric SAR change detection, and combination of InSAR results with polarimetric change detection results.
InSAR analysis
Traditional DInSAR processing was applied to each track individually to generate the differential interferogram, coherence and unwrapped phase. All the InSAR interferograms from one track were co-registered and resampled to the same reference image. The interferograms were improved using adaptive filtering (Goldstein and Werner 1998) and unwrapped using the Minimum Cost Flow algorithm (Costantini 1998 ) with a well-known reference point. To make the unwrapped phase consistent, the same reference location was identified in each interferogram and used for both ascending and descending mode data. InSAR processing was performed using GAMMA software. InSAR products from both U18 and FQ28 were georeferenced to the same resolution -6 m.
In this study, phase unwrapping errors were corrected in two steps. First, we corrected for the phase shift of whole interferogram. These phase unwrapping errors are due to the decorrelation noise between the reference point and the rest of the image which can cause a phase shift of the whole deformation pattern. To detect these errors, we used the closed loop method (Usai 2003) , using three interferograms taken on successive dates. Second, we corrected errors associated with phase jumps, which occur on a more local scale. Usually, the problematic region can be identified visually, as a result of the high contrast between it and surrounding areas. Segmentation was applied to the problematic interferogram to group the homogeneous regions into segments. Then, the closed loop method was applied to the problematic region or segment, and the correction was done locally. In this study, a super-pixel segmentation method was applied to generate the segments (Achanta et al. 2012) .
Once the interferograms were correctly unwrapped, only interferograms with high coherence maintained in large urban areas were kept. The MSBAS algorithm was then applied to calculate the long-term movement trend. By exploiting all the interferograms with good quality, the SBAS technique is useful for increasing the temporal sampling rate, filtering out interferogram-dependent errors, filling gaps due to temporal decorrelation, and mitigating the influence of topographic artifacts and atmospheric effects.
All movements detected along LOS (or slant-range direction) using SAR observations can be expressed by three components, namely east, north and up directions respectively. According to Hanssen (2001) , the InSAR deformation along LOS V los can be expressed as the projection of a 3D displacement vector with components V n , V e , and V u , in North, East and Up direction, respectively. Given a satellite orbit with heading (azimuth) of a h , incidence angle of h inc , deformation rate V los is written as:
However, for most current SAR sensors with rightlooking geometry the sensitivity for detecting movement in the north-south direction is low (Sircar et al. 2004; Ozawa and Ueda 2011) . Therefore, in multidimensional SBAS (MSBAS), the north-south component V n is excluded. As such, subsidence (vertical) and horizontal (east-west) deformation monitoring were the focus in this study. Using the coincident coverage of all interferograms in the time series, MSBAS was applied to process both ascending and descending DInSAR data simultaneously and compute the twodimensional vertical and horizontal (east-west) deformation rates by numerical integration (Samsonov and d'Oreye 2012; Samsonov and d'Oreye 2017) .
Polarimetric SAR change detection
The polarimetric SAR change detection included both polarimetric analysis and building detection components. All polarimetric SAR analyses were conducted using PolSARPro 5.0 software. First, speckle filtering using Lee Sigma filter was used to reduce the effects of speckle using a window size of 7 Â 7 pixels, a number of look of 1 and a sigma value of 0.9. Considering both the edge preserving and speckle-smoothing effects, a window size of 7 pixels was deemed suitable based on visual comparison of speckle reduction for different window sizes. Then, the Freeman-Durden decomposition method was applied to divide the total observed power into contributions from three scattering components: single bounce, double bounce, and volume scattering. Building detection was conducted using the following rules:
1. Candidate pixels for each acquisition were identified by thresholding the double bounce backscattering coefficient. A threshold value was chosen to include most building pixels. A binary map of buildings was generated for each acquisition. 2. A baseline map of existing buildings was determined based on a frequency map of an early period. By adding all binary maps generated before a reference date, a frequency map was created to represent building candidates detected (number of times the pixel mapped as a building in a sequence of SAR scenes) before the reference date. Thresholding this frequency map using a value (usually a value higher than 2) resulted in a building map to represent existing buildings. Higher threshold value means higher confidence; however, this depends on the number of scenes used. The concept of thresholding based on frequency is that the more time series data collected, and the stronger signal of a building can be detected, the more accurate building pixels are mapped. 3. New building candidates built after the reference date were determined based on a frequency map of a later period and the baseline map. By adding all binary maps generated after the reference date, a frequency map representing building candidates during a later period was created. By thresholding this frequency map using a value, a map representing buildings in the study area of a later period was generated. Subtracting the existing building area in the baseline map from this new map for the later period resulted a mask representing new buildings built during the study period.
Identification of deformation related to new buildings
Identification of movements related to new buildings involved the combination of deformation measurements from the InSAR analysis and building information from the polarimetric SAR analysis. First, pixels extracted from the scene representing potential building candidates were verified using coherence maps generated from the InSAR analysis, and only pixels with consistent coherence were kept. This removed features like tree trunks that were incorrectly included in the new building mask. Then, areas with existing movements were separated from areas with new movements by overlaying the map of new buildings onto the deformation map. Thus, the final map only included areas where deformation was identified for new buildings.
Results
Results from deformation analysis using both ascending and descending data sets
With 30 scenes of ascending U18 SAR images, we generated 55 InSAR interferograms that maintained good coherence during 2013-2016. With 21 scenes of descending FQ28 SAR images, we generated 35 interferograms for the period of 2010-2015. For each mode, a single master scene was used to resample and co-register the remaining images. These interferograms have perpendicular baselines of less than 400 m and temporal separations of less than 72 days. For the MSBAS analysis, data from both ascending and descending look directions must be acquired during the same time span, therefore only interferograms generated from August, 2013 to January, 2015 were used for the deformation analysis, and interferograms from 2010 image pairs were not used. Images acquired in 2010 were however used to generate the baseline map of existing buildings for the polarimetric analysis. Data acquired after January, 2015 were not included in MSBAS analysis. Generally, consistent, good coherence (higher than 0.5) was observed in urban areas (i.e. for buildings, roads, airport runways, and barren areas), while poor coherence was observed mainly for forested areas in the 90 InSAR pairs. Within a three-month time frame, good coherence was maintained in most urban areas which guaranteed reliable time series MSBAS for the InSAR analysis. In this study, only areas of coherence greater than 40% were used for accurate InSAR deformation measurements. All time series ground movements were calculated successfully using MSBAS technique.
To remove trend errors, we used a location near the center of the scene as reference point, since this location did not show significant movement in a previous study (Samsonov et al. 2014b) . When selecting the location R as our reference points for InSAR analysis, atmospheric and orbital signals proportional to the distance between the reference and measurement locations were minimized due to the close distance between the reference point and the observation area (Samsonov et al. 2014b ). We present results from both vertical movement and horizontal movement in the following paragraphs.
Deformation measurements in the vertical and horizontal (east-west) direction were reconstructed for 31 dates from August, 2013 to January, 2015 using measurements from both ascending and descending data (Figure 2 and Figure 3) . It was found that the maximum subsidence rate in the Vancouver region was -10 cm/year (Figure 2 ). The maximum eastward movement was 6 cm/year and maximum westward movement was 4 cm/year (Figure 3) . In general, subsidence was localized to several sites and occurred faster than horizontal movements.
According to the MSBAS analysis, four areas with severe subsidence during 2013-2015 were located at Vancouver International Airport site (NP1), Mitchell Island (P5), New Westminster (near P10), and Richmond (near NP3) (Figure 2) . Locations of subsidence were consistent with reported studies. The fastest subsidence was detected at location NP5, near the intersection of North Fraser Way and Wiggins Street, New Westminster. Here, subsidence occurred at a rate of approximately -10 cm/year, or -16 cm in 1.5 years (Figure 4) . At Vancouver airport, locations at NP1 and NP2 experienced the fastest subsidence, and in particular, about -15 cm subsidence for the latter over 1.5 years. At the west end of Mitchell Island, where marine services are located, -5 cm subsidence was observed during the study period.
We selected 13 locations to plot the subsidence history of 13 sites during the 1.5 years study period (Figure 4 ). Among these, the same eight locations (P1, P2, P4, P5, P6, P7, P9 and P10) used by Samsonov et al. (2014b) were also evaluated in this study to compare results. Note that we could only compare cumulative displacements over 1.5 years from August 2013 to January 2015 observed in our study, with observations by Samsonov et al. (2014b) which occurred over 4 years, from February 2009 to October 2012 (Table 1) . It was observed that subsidence at locations P1 and P2 slowed, but at locations P4, P5, P7, P9, and P10, subsidence was accelerated during 2013-2015. Horizontal movements also differed in these locations. We also plotted results for new locations at NP1, NP2, NP3, NP4 and NP5 because these locations were experiencing fast rates of subsidence (Table 1, Figures 4 and 5) . It is clear that accelerated subsidence at locations NP2, NP3 and NP5 was accompanied by fast eastward movement as well.
Validation of InSAR results
InSAR results are usually verified using leveling or GPS measurements (Ferretti et al. 2007; Mazzotti et al. 2009; Samsonov et al. 2014b) . In this study, GPS measurements from the BRN3 station since 2013, provided by Pacific Network (Murray and Svarc 2017) , were used for validation. Although the BRN3 GPS station has been working since 2013, the GPS and InSAR measurements considered here, covered different time periods. In order to compare measurements from the GPS with that from the InSAR analysis, measurements from corresponding dates had to be established. Kalman filtering has been widely used to integrate time series observations (Vijayakumar and Plale 2008) . Therefore, a Kalman filter was used to build a model to interpolate the missing records and predict the measurements corresponding to the InSAR dates in this study. However, few GPS measurements were recorded in 2014, and between AugustOctober, 2015. Therefore, only the continuous measurements acquired during August, 2013 to Jan, 2014 from both GPS and InSAR were compared in this study. We found that GPS and InSAR measurements had a good agreement in the vertical direction (R2 ¼ 0.7), but poor agreement in the east-west direction (R2 ¼ 0.3) (Figure 6 ). In the vertical direction, Table 1 . Comparison of movements observed in the selected locations from this study over 1.5 years from August 2013 to January 2015 and that from Samsonov et al (2014b) over 4 years from February 2009 to October 2012. Value sign for upward movement (þ), subsidence (À), eastward movement (þ), and westward movement (À). Samsonov et al (2014b) (cm) This study (cm)
Figure 5. Time series horizontal (east-west) ground movements at the select locations, detected from this study using MSBAS.
InSAR overestimated the movement by a scale factor of 1.7. Filtered GPS measurements at the BRN3 station over four years in 2013-2017 indicated that overall the annual north-south velocity was 3.3 mm, the east-west velocity was 4.7 mm, and the annual vertical velocity was -1.3 mm (Murray and Svarc 2017) . However, a vertical movement of 6 mm and an east-west movement of about 2 mm were recorded by the GPS measurement during the period of August, 2013 -January, 2014. As east-west movements were relatively slow during the study period, InSAR methods may not have been able to detect such subtle changes in the horizontal direction. The poorer quality reconstruction of the horizontal east-west component of the displacement compared to the vertical component may also account for the discrepancy in the observed north-south component when applying MSBAS (Samsonov et al. 2017b) .
Results from polarimetric SAR change detection
Generally, it was found that buildings appeared bright in the SAR data. Stronger double bounce scattering was found from tall buildings than from low buildings, and from larger compared to smaller size buildings. Buildings with side walls facing perpendicular to the SAR look direction (range direction) appeared brighter than buildings with walls facing away from the SAR look direction. Most buildings had double bounce values greater than -10 dB, therefore, a binary map of buildings was generated for each acquisition using a threshold value (>-10 dB) applied to double bounce values. A baseline map of existing buildings was generated using all imagery acquired in 2010. If a pixel was not assigned as a building in 2010, but was detected as building after 2010, it was considered as a new building candidate. However, areas detected using the threshold applied to double bounce values possibly also included trees or other temporary targets. From this study, it was observed that coherence in forested areas was generally low with an acquisition cycles of 24 days, and even lower with 48 days for C-band RADARSAT-2; thus, no deformation information was available. As such, coherence information was applied to mask out those areas. To separate the buildings from the forests or other natural features, InSAR coherence values greater than 0.5, and consistent over 10 pairs of interferograms from the FQ28 pairs, was used. Therefore, only areas with consistent coherence were considered as buildings.
Results of deformation related to the construction of new buildings
The final deformation related to the construction of new buildings since 2010 was generated by overlaying the average deformation rate map with the building mask ( Figure 7) . Note that the accuracy of the building mask was evaluated via visual comparison with historical high-resolution imagery available from Google Earth, and it was confirmed that all the new buildings were correctly classified.
We found that subsidence at locations P5, NP1, NP2, NP3, NP5 was associated with the construction of large buildings. Extensive subsidence in the Richmond area was associated with many small buildings, possibly residential development. Deformation measurements of these new buildings can be found in Figure 7 .
Discussion
The synergistic approach presented in this paper provided useful information for monitoring urban environments using SAR satellite images. It is evident from the examples presented that this approach successfully distinguished the deformation caused by new construction from existing deformation caused by other factors. The utility of the synergy of InSAR and polarimetric information presented in this paper is that it provides an investigator with a quick idea of the movement associated with the construction of the new buildings in the urban areas. Further, detailed InSAR analysis can be used to examine subtle differences through time. Note that geological and engineering surveys may be required to investigate the exact causes of deformation, though it is notable that no prior LU/LC knowledge of the area being studied is necessary to successfully apply the method. Double bounce scattering in urban areas has been studied for building extraction in a number of studies (Brunner et al. 2010; , Chen et al. 2014b , Chen et al. 2016a Li et al. 2016) . In general, double bounce scattering is strong from buildings facing perpendicular to the RADAR LOS, and weaker for those that are oriented at some different angles (Brunner et al. 2010) , which in some cases can also result in the categorization of features as predominant volume scatterers , Chen et al. 2014b , Chen et al. 2016a Li et al. 2016) . Incidence angles also affect double bounce scattering processes. As such, not all buildings exhibit strong enough double bounce scattering to be distinguished from their surroundings. As such, both buildings that do not face the RADAR LOS and that are relatively small may not have been detected in this study and improved building detection via the advanced four component decomposition (Yamaguchi) and deorientation processes (Ainsworth et al. 2008; , Chen et al. 2014b , Chen et al. 2016a ) may be required.
A number of efficient urban change detection algorithms exist based either on advanced polarimetric analysis or time series intensity images only. In this study, we did not attempt to identify all the buildings using polarimetric information, but instead explored the possibility of applying polarimetric information to aid in the deformation analysis. Although those pixels identified as buildings may have included some other targets such as trees, river banks, or boulders, these were eliminated using coherence and deformation information. It was observed that coherence from trees cannot last over more than three acquisition cycles (a cycle of 24 days for RADARSAT-2). Alternatively, large boulders and or rock areas are usually stable, therefore, there were no deformation measurements from those areas, and consequently they were not shown in the map of deformation related to new buildings.
From this, and other previous studies (Mazzotti et al. 2009; Samsonov et al. 2014b) , it was found that ground movements usually occurred in areas either of high building density or large size. Double bounce scattering from large size buildings is typically high enough to be identified using the Freeman-Durden Decomposition only, and InSAR coherence in these areas is also generally very high and consistent through time. With the 30 U18 images acquired during 2013-2016, good coherence was maintained within short time intervals; thus, a consistent time series interferogram was generated. Among the 21 FQ28 images, there were four images acquired in 2010, and 17 images during 2013-2015. Only the FQ28 images acquired during 2013-2015 which had a short interval when forming interferograms were used for the InSAR deformation analysis.
Although most subsidence areas were located along the waterfront, some areas away from water, in Richmond, were found to be subsiding during the study period. We also identified some other moving locations, which were different from the previous reports. In addition to MSBAS, we also applied SBAS analysis on either ascending and descending data. Results showed that although most of the locations experiencing movements could also be identified by each individual dataset, the magnitude of movement along LOS was different due to the differing geometry of the SAR data. It is possible to measure the movements using pairs of SAR images from the ascending and descending directions (Sircar et al. 2002, Sircar et al. 2004), however, MSBAS has proven to be an efficient algorithm for restructuring two-dimensional movements for time series deformation analysis.
To investigate the movement trend in the study region after 2015, a separate SBAS analysis of U18 data from 2015-2016 was also conducted. We observed that ground movements in the LOS direction continued for those areas identified as part of the previous analysis. We recommend continued monitoring of this region, and additional research to understand its causes. This information about two-dimensional movement patterns identified in Vancouver should be considered for decision making related to urban planning and for emergency prevention.
As no readily available leveling or GPS data covered the whole study area for validation for our InSAR analysis, we used the measurements from an independent GPS station. Using this single location as our validation, other areas were not validated. However, continuous GPS measurements were available for half a year during the study period. From the comparison of GPS with InSAR measurements, a strong correlation was found in the vertical direction, but not in the east-west direction. Based on the comparison of GPS measurements, we found that vertical deformation from InSAR was overestimated by a factor of 1.7. Since all the movements were referred to a location in the center of the scene assuming it was stable during the study period, InSAR measurements were calibrated using that reference point. Therefore, the InSAR measurements were relative measurements, and any movements at the reference point would affect the InSAR analysis. Comparing the results from this study with that from a previous study, it was found that our results were generally consistent with the reported movements in this area in terms of locations, although the magnitudes of the movement differed slightly. In the future, it would be ideal to have more locations with GPS measurements distributed throughout the region for consistent validation of the InSAR results.
Conclusions
In this paper, we described and evaluated a synergistic approach for combining InSAR and polarimetric SAR for identifying urban land subsidence related to the construction of new buildings. Both descending and ascending SAR data were used to provide long term ground movement measurements in Vancouver during August, 2013 -January, 2015. In the study, MSBAS techniques were applied for InSAR time series analysis to identify the long-term ground movement trend, and minimize the noise and influence from topography, orbit, temporary incoherence, and atmospheric effects. Double bounce scattering values were used for identifying buildings, and maps generated from the project demonstrated that the combined information contained in coherence, deformation from InSAR analysis, and double bounce from polarimetric SAR decomposition was effective in measuring accurate subsidence and linking movements to urban development over time. A maximum subsidence rate of -10 cm/year was found in the study region during the study period. The most severe subsidence was identified near the Vancouver airport, Mitchell island, and New Westminster. In general, a linear subsidence pattern dominated several locations in the Vancouver region. Horizontal movement (east-west) was not as severe as vertical movement, although fast eastward movements was also observed to be accompanied by fast subsidence at a few locations. It was observed that observed ground movement trends continued until the end of the observation period in August, 2016. Among the locations with fast subsidence, some of the subsidence was caused by the new construction.
MSBAS combined with polarimetric analysis can be used synergistically with InSAR for monitoring the urban ground movements. By analyzing the twodimensional movement (east-west and vertical) and double bounce scattering mechanism, new construction areas experiencing ground movement can be effectively identified. This information can be used for a follow-up investigation to determine the cause and proper mitigation. This method is expected to benefit Canadians directly, through use in urban planning and disaster monitoring and analysis.
